Abstract. Self-organized titanium dioxide (TiO 2 ) nanotubes (NTs) arrays were successfully fabricated via electrochemical anodization of titanium (Ti) foil in an organic electrolyte containing 5wt% of fluoride content. The present work compares two different organic electrolytes (glycerol and ethylene glycol) for the growth of self-organized TiO 2 nanotubes by using anodic oxidation strategy. The resultant TiO 2 NTs were then subjected to thermal annealing for manipulating the crystalline structure. The SEM images indicated changes in surface morphology of the TiO 2 NTs in different electrolytes. It was found that the NT's dimensional was 56.00nm based on the SEM analyses. Both samples exhibited good photocurrent response; however, TiO 2 NTs synthesized in ethylene glycol electrolyte showed promising photocurrent response of 0.385 mA.
Introduction
Being a transition element, titanium dioxide (TiO 2 ) has been intensely investigated since last few decade. It is due to its unique and excellent properties such as non-toxicity, low-cost, high chemical and thermal stability [1] [2] [3] . These special properties make it a promising material for photocatalysis applications, especially in solar and environmental applications [4] . It has succeeded in building the interest of scientists in exploring photocatalytic related subjects and areas. In this case, high specific surface to volume ratio of NTs is desired nano-architecture to maximize its photocatalytic performance. Thus, design of one-dimensional TiO 2 -based nanostructure assemblies has gained significant scientific interest in order to maximize its specific surface area to volume area for harvesting more photons from the solar-illumination. Today, various methods have been introduced to synthesize one-dimensional TiO 2 NTs, such as template-assisted, electrochemical anodization and alkaline hydrothermal treatment. Among of all of these available techniques, as apparent in literature, facile electrochemical anodizing technique has been widely used because vertically well-aligned NTs with controllable pore size could be easily produced on the Ti substrate. Basic on basic chemistry knowledge, the factors to be taken into account, especially when considering the efficiencies of photocatalytic activities are high surface area and the availability to create photo-induced electron-hole pairs as well as the improvement of electron-hole lifetime [5] . Hence, it is important to synthesize well defined anodized TiO 2 NTs in order to improve it's photocatalytic efficiency under solar illumination. In the present work, investigation on the preparation of TiO 2 NTs by applying electrochemical anodizing technique using two different types of organic electrolytes (e.g., glycerol and ethylene glycol) was carried out. In addition of that, attempts have been made to evaluate the types of synthesized TiO 2 NTs on the photocurrent response under solar-illumination.
Experimental Method

Preparation of TiO 2 nanotube arrays
Types of Ti used are commercially available from Sigma-Aldrich with the thickness of 0.127mm, 99.7% purity. For each anodization process, the Ti foil was cut into 1cm x 5cm dimension. The Ti foils are first immersed in ethanol and dispersed in the ultrasonic bath, washed by deionized water and finally being dried. In the first step of electrochemical anodizing technique, a constant voltage of 60V was applied for 1h using two different types of organic electrolytes, namely ethylene glycol and glycerol electrolytes. Ethylene glycol electrolyte contains ethylene glycol with 5wt% of ammonium fluoride (NH 4 F) while glycerol electrolyte contains glycerol with 5wt% of NH 4 F. Based on our previous study, the percentage of NH 4 F was kept at 5wt% because it favors the formation of high aspect ratio of TiO 2 NTs [6] . In an anodizing cell, the titanium foil was served as the anode whereas the platinum electrode was served as cathode. Then, the resultant samples were washed with acetone and deionized water subsequently. Scanning Electron Microscope (SEM) using a FEI Quanta 200F was applied to confirm the morphological structure of the prepared TiO 2 NTs structures. Meanwhile, X-ray diffraction (XRD) with Cu Kα radiation (α = 1.5406 Å) on a Bruker axs D8 Advance diffractometer from 10° to 80° was used to investigate the changes of crystallographic forms arising from different treatments.
Photocurrent response of the resultant sample was carried out using Autolab PGSTAT302N potentiostat/galvanostat (Ecochemie, Netherlands) with Ti nanotube foil as the working electrode. A saturated calomel electrode (SCE) as the reference and a platinum wire as the counter electrode. A 0.1M Na 2 SO 4 solution was used as supporting electrolyte. An active area of 1.0 cm 2 working electrodes for each sample was used in the photocurrent experiments. A 150 W solar simulator was used as a light source to study the photocurrent response.
Results and Discussion
FESEM observation
The current section discusses the used of potential organic electrolyte during electrochemical anodizing has significant effects on the morphological of TiO 2 NTS. Figure 1 shows the views of TiO 2 nanotube arrays prepared by using two different fluorinated-based organic electrolyte. The result clearly shows that the morphological of TiO 2 NTs is dependent on the type of organic electrolyte used. It could be observed that the nanotubular structure synthesized using ethylene glycol was exhibited much more uniform and obvious pore-structure, as illustrated in Figure 1 . The diameter of the NTs was about 56.00nm. Meanwhile, the nanotubular structure synthesized using glycerol was presented smaller pore's diameter (= 30.92nm) as illustrated in Figure 2 . The variation of organic electrolyte used in electrochemical anodizing causes the difference in the dissolution and the electrochemical etching of TiO 2 NTs [7] . In addition, the different morphologies of TiO 2 NTs might be attributed to the electrolyte's viscosity and chemical dissolution between the Ti and TiO 2 . In our study, ethylene glycol shows low viscosity value (η = 16cP) as compared to glycerol (η = 945 cP) [7] . It could be understood that lower viscosity of the organic electrolyte expected to result in better formation of oxide film and the dissolution of film and substrate. Furthermore, it can be seen that viscosity and a relation between the oxide growth and it's dissolution greatly affect the growth of porous oxide film. The formation of the TiO 2 NTs in the EG electrolyte are uniformly packed on the Ti foil surface. Lai and Sreekantan have suggested that the variation of organic electrolyte causes the difference in the dissolution and the electrochemical etching of TiO 2 NTs [7] . The effects resulted to well aligned nanotubes arrays in EG electrolyte.
X-ray diffraction (XRD) analysis
The crystalline structure of the resulting TiO 2 NTs were then evaluated by XRD pattern. The obvious titanium peaks were detected at 34.8°, 38.2°,40.0°, 52.8°,and 62.8°, corresponding to (010), (112), (111), (121), (204) as shown in Figure 3 . The degree of crystallinity is higher in ethylene glycol electrolyte. Samples are anatase TiO 2 and it indicates potential photocatalytic ability. 
Photocurrent response of TiO 2 nanotubes foil
Electrochemical impedance spectrum (EIS) was investigated for the sample foils. The arc diameter was found shorter in ethylene glycol treated foil as compared to the glycerol treated foil. The diameter actually reflects the rate of electron transfer which also indicates the photocatalytic reaction rate [8] . Under light irradiation, the photogenerated electrons moved from the electrode surface to the outer circuit. This phenomenon helps to reduce the interface resistance. Thus the change in diameter confirms lower charge transfer resistance in ethylene glycol treated foil as compared to the glycerol treated foil.
Photocurrent density generated on TiO 2 nanotube foil greatly depends on the surface morphology as well as exposed active surface area upon irradiation. Based on the theoretical perspectives, defect-free crystalline surface and optimum illumination on specific area are favorable for higher photocurrent density. The photoelectrochemical response of TiO 2 NTs is presented in current-voltage diagram in Figure 4 . Figure 4(a) shows the photoresponse of glycerol prepared TiO 2 nanotube foil whereas, Figure 4(b) shows the photoresponse of ethylene glycol prepared TiO 2 nanotube foil. As can be seen, the foil prepared using glycerol electrolyte could not produce significant anodic current even under illumination. SEM image revealed that, the tube diameters were smaller in glycerol treated foils whereas, thinner walls were observed in ethylene glycol treated samples. Rough surface and uneven tubes were also found in glycerol treated samples. These defect characteristics actually hinder electron flow and create resistance and thus reduce photocurrent density in glycerol treated foils. In case of the foil prepared using ethylene glycol, it produces maximum photocurrent 0.385mA/cm 2 at -0.85V. Well-structured nanotubes and smooth surface facilitates electron mobility along the tube axis [9] . Thinner walls help to increase surface states which eventually show low surface recombination [10] . 
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